Abstract-Modular generation system, which consists of modular power conditioning converters, is an effective solution to integrate renewable energy sources with conventional utility grid to improve reliability and efficiency, especially for photovoltaic generation. A distributed control strategy based on improved dc bus signaling is proposed for a modular photovoltaic (PV) generation system with battery energy storage elements. In this paper, the modular PV generation system is composed of three modular dc/dc converters for PV arrays, two grid-connected dc/ac converters, and one dc/dc converter for battery charging/discharging and local loads, which is available of either grid-connected operation or islanding operation. By using the proposed control strategy, the operations of a modular PV generation system are categorized into four modes: islanding with battery discharging, grid-connected rectification, grid-connected inversion, and islanding with constant voltage (CV) generation. The power balance of the system under extreme conditions such as the islanding operation with a full-charged battery is taken into account in this control strategy. The dc bus voltage level is employed as an information carrier to distinguish different modes and determine mode switching. Control methods of modular dc/dc converters, battery converter, and grid-connected converter are addressed. An autonomous control method for modular dc/dc converters is proposed to realize smooth switching between CV operation and maximum power point tracking operation, which enables the dc bus voltage regulation capability of modular dc/dc converters. Seamless switching of a battery converter between charging and discharging and that of a grid-connected converter between rectification and inversion are ensured by the proposed control methods. Experiments verify the practical feasibility and the effectiveness of the proposed control strategies.
I. INTRODUCTION

D
URING recent years, the utilization of renewable energy sources has been promoted quickly to fulfill increasing energy demand and deal with global climate change. Since the distributed power generation by renewable energy has different characteristics with conventional power generation by fossil fuels, novel configurations, topologies, and control techniques are employed to integrate renewable energy sources with utility grid [1] - [6] . As the cost decreases continuously, photovoltaic (PV) generation has become one of the most important renewable energy sources and has been widely used. A review of gridconnected inverters for PV modules shows that there are four topologies used in PV generation systems as shown in Fig. 1 [6] . Considering cost and efficiency, multistring topology is one of the most widely used solutions for PV generation as well as ac module topology [6] , [7] . As shown in Fig. 1(c) , the dc-dc converters for each string of PV modules can be implemented with a modular design and share a dc bus, which connects an ac utility grid through a dc-ac converter. This configuration has the potential to be extended to a dc bus-based modular PV generation system; not only the modular dc/dc converters and dc/ac converters, but also the energy storage devices and local loads can be connected through a dc bus. It will be an effective solution for the future applications of PV generation.
Due to the stochastic characteristic of PV generation, energy storage elements are indispensable to smooth the power flow and provide the electric energy with high quality. Lots of efforts have been carried out by the researchers on the integration and coordination of PV generation and energy storage elements. Multifunctional power converters are developed to integrate batteries as the backup for PV generation systems [8] , [9] . PV generation and battery are used coordinately to feed utility grid or plug-in hybrid electric vehicle load [10] - [12] . In these works, different power conditions and battery capacity limit are taken into account, but the islanding operation has not been considered. In grid-connected PV systems, the incorporation of battery storage can improve the energy production, especially in the presence of mismatching conditions. However, the upper/lower limits of state of charge (SoC) for batteries are usually ignored [13] , [14] , which influences the effective utilization of battery storage. In order to minimize the demanded battery capacity, the socalled smoothing effect has been investigated, which dumps the power flow fluctuation by using multi-PV systems with different 0885-8993/$26.00 © 2011 IEEE locations [15] . Besides batteries, fuel cells are also employed to smooth the energy production profile of grid-connected PV systems [16] , [17] . Although the control flexibility can be improved by diverse energy storage elements, high cost is still a critical issue for the generation system. Some stand-alone PV generation systems with energy storage are developed for residential and rural applications [18] - [21] . In these systems, the SoC limits of batteries during islanding operation are considered, but grid-connected power flow is not taken into account. The hybrid energy storage system, which consists of batteries and supercapacitors, is used to optimize the energy utilization and minimize the energy storage capacities [18] , [19] . Only a few literatures mention the control of a dc bus-based modular PV system with a battery [22] , but the detailed power management scheme and the SoC limits are not presented.
Based on the aforementioned review of previous works, it can be found that the pieces of research on power management control for a modular PV generation system are very rare and the existing control techniques cannot be moved to a modular PV generation system directly. In order to fulfill the requirements by distributed generation and optimize the energy utilization, the control of modular PV generation systems with battery storage must have the following functions: 1) the reasonable power distribution among different modular converters should be ensured, 2) the system can be operating either at grid-connected mode or at islanding mode; and 3) the SoC limits (full-charged or full-discharged) of batteries must be considered.
To enhance the system reliability, a distributed control strategy so-called dc bus signaling (DBS) was applied for a hybrid renewable nanogrid [23] , [24] . DBS is an extension of the concept of using charge/discharge thresholds to schedule individual sources in a distributed fashion, which induces dc bus voltage level changes to realize the communications between difference source/storage interface converters. By using DBS, the system reliability can be inherently maintained since the dc bus itself is used as the communication link [24] . However, this control strategy cannot be applied for a modular PV generation system directly, because: 1) the interaction with ac utility grid is not included; 2) the control method is developed for individual renewable sources, but not for modular sources; and 3) some extreme conditions such as the islanding operation with a fullcharged battery are not mentioned, which means that the power regulation capability of a battery is deteriorated.
In this paper, the DBS method has been improved for both grid-connected operation and islanding operation. A novel distributed control strategy based on DBS is proposed for the modular PV generation system. The configuration of a dc bus-based modular PV generation system with ac grid connection and battery storage is presented in Section II. A power management scheme taking full-charged battery conditions into account and control methods for modular dc/dc converters, grid-connected converters, and battery converter are addressed in Section III. Experimental results are shown in Section IV and Section V concludes the works.
II. SYSTEM CONFIGURATION
The dc bus-based modular PV generation system investigated in this paper is shown in Fig. 2 . Three modular dc/dc converters for PV arrays, two modular bidirectional dc/ac converters, a bidirectional dc/dc converter for a battery, and local loads share a dc bus. The modular dc/dc converters are the key elements in this system, which are implemented with modular design and same ratings. These modular dc/dc converters transfer the power generated by PV arrays to a dc bus. The modular bidirectional dc/ac converters are used to connect the dc bus and ac utility grid, which enable bidirectional power flow. The battery with a bidirectional dc/ac converter is used to balance the power differences between PV power supplies and local loads in islanding mode. The local loads include the auxiliary power supplies for system operations, such as control/monitoring of PV arrays, battery monitoring, and control/driving of converters.
Since the elements and devices in this system can be summarized into three categories, energy generation unit, energy storage unit, and loads, the configuration shown in Fig. 2 can be considered as a typical case of dc microgrid with renewable generation and energy storage. The control strategies developed for this system can also be applied to dc microgrids.
III. DISTRIBUTED CONTROL STRATEGY
The distributed control strategy for a modular PV generation system consists of a power management scheme with DBS and the control methods for power converters.
A. Power Management Scheme With DC Bus Voltage Signaling
In this paper, a power management scheme with dc bus voltage signaling is proposed to maintain the power balance and stable operation of the system under any conditions. In this scheme, the operation of the modular PV generation system is categorized into four modes: Mode I (islanding mode with battery discharging), Mode II (grid-connected mode with rectification), Mode III (grid-connected mode with inversion), and Mode IV (islanding mode with dc bus voltage regulation by PV). These four operation modes are identified by different dc bus voltage levels, which means that the dc bus voltage is used as an information carrier. The switching between different modes and the corresponding changes of control methods for converters can be achieved through dc bus voltage changes without additional communication links. This benefits cost reduction and reliability enhancement. In this mode, the system operates in islanding mode and the dc bus voltage is regulated by battery discharging, which means that the generated PV power is less than local load demands. The modular dc/dc converters for PV arrays work with maximum power point tracking (MPPT) and the grid-connected bidirectional dc/ac converters are disabled. Hence, this mode is called as the islanding mode with battery discharging. 2) Mode II: V dc ref = 0.95V dc n = 190 V. In this mode, the system operates with connection to ac grid through bidirectional dc/ac converters. The dc bus voltage is regulated by the dc/ac converters through rectification, which means that the generated PV power is less than local load demands. The modular dc/dc converters for PV arrays work with MPPT. If the battery has been fully charged, the dc/dc converter for the battery does not work; otherwise the dc/dc converter is used to charge the battery. Hence, this mode is called as the grid-connected mode with rectification. 3) Mode III: V dc ref = V dc n = 200 V. In this mode, the system operates with connection to ac grid through bidirectional dc/ac converters. The dc bus voltage is regulated by the dc/ac converters through inversion, which means that the generated PV power is greater than the local load demands. The modular dc/dc converters for PV arrays work with MPPT. If the battery has been fully charged, the dc/dc converter for the battery does not work; otherwise the dc/dc converter is used to charge the battery. 4) Mode IV: V dc ref = 1.05V dc n = 210 V. In this mode, the system operates in islanding mode and the dc bus voltage is regulated by modular dc/dc converters for PV arrays. Since the maximum power of PV arrays in this mode is greater than the local load demands, the modular dc/dc converters for PV modules must not be all operating with MPPT. Actually, one of these modular converters is operating with constant voltage (CV) control. If the battery has been fully charged, the dc/dc converter for the battery does not work; otherwise the dc/dc converter is used to charge the battery. The grid-connected bidirectional dc/ac converters do not work. Hence, this mode is called as the islanding mode with dc bus voltage regulation by PV. The operation modes with corresponding dc bus voltage levels are illustrated in Fig. 3 . The coefficient difference between different mode voltages is set at 0.05 (0.9, 0.95, 1.0, and 1.05). This is determined based on the following considerations: 1) the voltage difference between different modes must not be too small; otherwise, the malfunction of mode switching will occur due to the sampling inaccuracies and external disturbance; 2) the voltage difference between different modes should not be too large; otherwise, the converters will operate with low voltage and high current, which will probably result in low efficiency and overcurrent faults. Hence, the voltage difference is set at 10 V, which means that the coefficient difference is 0.05 (=10 V/200 V).
The functions of dc/dc converters and dc/ac converters in different modes are summarized in Table I . The converter regulating dc bus voltage, which works as a voltage source, is defined as the dc bus forming unit; the converter providing power with dc bus, which works as a current source, is defined as the dc bus feeding unit; the converter absorbing power from the dc bus is defined as the load unit.
The power flows of the dc/ac converters and battery converter are listed in Table II , where the positive directions of power flows are defined in Fig. 2 .
Generally, the system works at Mode III to utilize PV power fully during the daytime. When the sunshine is insufficient like nighttime or cloudy days, the system moves to Mode II to maintain power balance by using the power from ac grid. Only while the faults occur at ac utility grid, the system has to be disconnected with it. During the islanding operation, the system works at Mode I or Mode IV depending on the PV power conditions (lower or higher than load demands). Thus, the battery energy is only used to feed loads at emergent cases without grid connection and the battery capacity should be designed to support the islanding operation with enough time required by users.
B. Equivalent Circuits and Analysis
In order to analyze the system operation clearly, the equivalent circuits have been depicted in Fig. 4 by using the Thevenin theorem and Norton theorem.
In Mode I, all the PV converters with MPPT can be considered as current sources and the battery converter works as a voltage source to regulate the dc bus voltage. Fig. 4 (b) shows a typical case of Mode II. In Mode II, all the PV converters work with MPPT, which are considered as current sources. Only one dc/ac converter works with nonfull power rectification to regulate the dc bus voltage, which is considered as a voltage source. The other dc/ac converter works with full power rectification, which is considered as a current source, or at standby mode according to the power conditions. The battery is charged with constant current until it has been fully charged. The control methods for dc/ac converters and battery converter are presented in Section III-C in detail.
The condition in Mode III is similar to Mode II, as shown in Fig. 4(c) . In Mode III, all the PV converters work with MPPT, which are considered as current sources. Only one dc/ac converter works with nonfull power inversion to regulate the dc bus voltage, which is considered as a voltage source. The other dc/ac converter works with full power inversion, which is considered as a current source, or at standby mode according to the power conditions. The battery is charged with constant current until it has been fully charged. The control methods for dc/ac converters and a battery converter are presented in Section III.-C in detail. Fig. 4(d) shows a typical case of Mode IV. Only the PV converter with CV control works as a voltage source, and other PV converters with MPPT work as current sources. The battery is charged with constant current until it has been fully charged.
According to the aforementioned analysis, it can be found that at any time only one voltage source operates in each mode and all of the other converters work as current sources, which means that the dc bus voltage can be regulated at constant in each mode. This characteristic ensures the system stability. I pv are the output voltage and output current of PV modules, respectively. V MPPT is the reference voltage for the PV array. D * is the reference duty ratio for dc/dc converters. When the system is operating in Modes I, II or III, the modular dc/dc converters are controlled with MPPT as current sources. In these modes since the dc bus voltage are regulated within 180-200 V, the output of CV control reaches its positive saturation and has been disabled. When the system works in islanding mode and the generated PV power is greater than the local load, the extra power will be used to charge a battery. If the battery has been fully charged, which means that SoC reaches 95%, the dc bus voltage will increase. If the dc bus voltage reaches 210 V, the CV controller of the modular dc/dc converter with maximum K d will escape from positive saturation first and begin to regulate the dc bus voltage as V dc ref = 210 V, while the MPPT controller has been disabled. The modular dc/dc converter with maximum K d reduces its output power and controls the output voltage of the PV array at a constant value. Thus, the system moves to Mode IV. As shown in Fig. 6 , when the modular dc/dc converter is operated with CV control, the corresponding PV array must work within the right region divided by the dash line.
If the dc bus voltage increases continuously, the CV controller of the modular dc/dc converter with maximum K d will reach negative saturation (zero) and not provide energy with a dc bus. Until a modular dc/dc converter for the PV array with a CV control makes the power balance for the system, the dc bus voltage will be kept at 210 V. At this time, the sampling coefficient of this modular dc/dc converter is defined as K dm . The CV controller outputs of the modular dc/dc converters with the sampling coefficients higher than K dm are zero and these converters do not supply energy with a dc bus. The CV controller outputs of the modular dc/dc converters with the sampling coefficients lower than K dm are at positive saturation because V dc ref > K d * V dc and these converters work with MPPT control.
Hence, it is possible to realize that only one modular dc/dc converter works as a voltage source and other converters work in standby mode or as current sources based on the aforementioned control method. The key point is the inherent differences of sampling coefficients. In this control method, the basis for mode switching between CV control and MPPT is that the CV controller reaches its positive saturation or not.
If the dc bus voltage decreases resulting from PV power reduction or local load increases, another modular dc/dc converter will change the operation mode from standby to CV control for power balance. If all the modular dc/dc converters have been working with MPPT and the dc bus voltage decreases to 180 V, the battery dc/dc converter will start and provide energy with a dc bus by discharging. Then, the system moves to Mode I.
2) Control Methods for Grid-Connected DC/AC Converters: When ac utility grid is normally operating, the modular PV generation system will be connected to ac grid through the bidirectional dc/ac converters; otherwise, it will be disconnected with ac grid to avoid faults occurring. The control for grid-connected dc/ac converters includes two levels: 1) parallel control method for modular grid-connected dc/ac converters; and 2) local control method for one grid-connected dc/ac converter.
The parallel control method proposed in [25] has been employed in this paper. By using this method, only one modular grid-connected dc/ac converter works with nonfull load at a moment, while others work with full load or at standby mode. As power increases, the modular dc/ac converters enter full load operation gradually depending on the dc bus sampling coefficients.
The local control method is shown in Fig. 7 . In Fig. 7 , V dc ref is the reference voltage for a dc bus, V dc d is the detected dc bus voltage, I INV limit is the maximum current limit for a dc/ac converter corresponding to its power rating, V ac is the ac grid voltage, θ is the ac grid phase angle, I * INV is the reference output current for a dc/ac converter, I o is the detected output current of a dc/ac converter, and D * is the duty ratio for a dc/ac converter. When the system works in Mode II, the local load demands need to be supplied by the PV-generated power and the power from the ac grid through the dc/ac converters. In Mode II, the dc bus voltage is regulated at 190 V by the rectification operation of the dc/ac converters. When the system works in Mode III, the PV-generated power is greater than the local load and extra power will be transferred to the ac grid through the dc/ac converters. In Mode III, the dc bus voltage is regulated at 200 V by the inversion operation of the dc/ac converters. As shown in Fig. 6 , the seamless switching between Mode II and Mode III can be realized
3) Control Method for a Battery DC/DC Converter: In Mode I, the battery dc/dc converter is employed as the dc bus forming unit to regulate the dc bus voltage by battery discharging. If the battery has not been fully charged, which means that its SoC is less than 95%, the battery will be charged in Mode II, Mode III, and Mode IV. Considering the aforementioned conditions, the control method for a battery dc/dc converter is summarized in Fig. 8 . In Fig. 8, V B is the detected battery voltage, V BH is the battery voltage corresponding to 95% SoC, V BL is the battery voltage corresponding to 40% SoC, I BC limit is the maximum current limit for battery charging, I BD l imit is the maximum current limit for battery discharging, I * B is the reference current for a battery converter, I B is the detected battery current, and D * is the duty ratio for a dc/dc converter. As shown in Fig. 8 , the charging/discharging of a battery converter is determined by I * B , which is the sum of the charging controller output and discharging controller output
When I * B > 0, the battery converter is used for discharging. When I * B < 0, the battery converter is used for charging. Hence, the seamless switching between two modes is realized and the hysteresis is not necessary.
As shown in Fig. 8 , the overcharging protection and overdischarging protection have been taken into account by introducing V BH and V BL .
D. Power Rating Requirements for the Elements
In the design of the system, the following power rating requirements must be fulfilled to ensure that the proposed control methods can be realized effectively and the system operates safely and stably.
1) The maximum discharging power of batteries should be higher than the power demand of critical local loads, which means that the normal operation of critical loads is ensured even in islanding mode:
2) The power rating of dc/ac converters must be higher than the sum of maximum local load power and maximum battery charging power to ensure the normal operation of the system in the condition without PV power P dc/ac rating ≥ (P load max + P battery charging max ).
3) The maximum available power of PV panels should be greater than the sum of maximum local load power and maximum battery charging power to ensure that the gridconnected power generation can be realized P PV max ≥ (P load max + P battery charging max ).
(5) 4) The dc/ac converters should be designed to be capable of transferring maximum PV power to the ac grid P dc/ac rating ≥ P PV max .
5) The power rating of dc/ac converters should be greater than maximum battery discharging, which ensures that the system can switch from Mode I to Mode II automatically P dc/ac rating ≥ P battery discharging max .
IV. EXPERIMENTAL VALIDATION In order to validate the proposed control methods, experimental tests have been carried out on an experimental setup in a laboratory. The configuration and power flow direction setup are shown in Fig. 9 .
As shown in Fig. 9 , the experimental setup consists of three PV generation units, two grid-connection units, one energy storage unit, and one local resistor load, which are connected through a dc bus. The dc bus voltage is set at 180, 190, 200, and 210 V according to different operation modes. The rms value of the ac grid voltage is 110 V. The selection of experiment voltages (dc 180-210 V, ac 110 V) is mainly based on the safety considerations for laboratory experiments. In a real system, the experiment voltages can be enhanced to dc 360-420 V and ac 220 V, since the power converters have enough power ratings.
Each PV generation unit is constituted of an emulated PV panel and a boost dc/dc converter. A dc voltage source (200 V) series-connected with a resistor (33.3 Ω) is used to emulate a string of PV panels. Hence, when the PV generation unit is operating with MPPT control, the maximum power is 300 W and the corresponding MPPT voltage is 100 V. MPPT control and CV control for PV generation are realized by the boost dc/dc converter. Two 500-W bidirectional dc/ac converters are used as the grid-connection unit, which employs a nonisolated singlephase H-bridge topology. A bidirectional Buck-Boost converter and a battery compose the energy storage unit. The nominal voltage of a battery is 48 V dc . The maximum charging current and maximum discharging current are 1.2 and 10 A, respectively, which are determined by the battery capacity (12 Ah). The photo of the experimental setup is shown in Fig. 10 .
Experimental tests have been carried out in terms of steadystate performance, dynamic performance within one mode (at load power changes or PV power changes), and transient performance between different modes. There are total 12 cases, which are illustrated in Fig. 11 .
In order to simplify the experimental circuits, only 1# PV generation unit (including emulated PV panel and PV converter) and 2# PV generation unit are connected with a dc bus in the experimental tests of Cases 1-9, while 3# PV generation unit is disconnected. In the experimental tests of Cases 10-12, all the three PV generation units are connected with a dc bus and the dc/ac converters do not work.
A. Test Results in Mode I (Case 1)
Experimental results during load changes in Mode I are shown in Fig. 12. In Fig. 12 , V bus is the dc bus voltage, I B Discharge is the discharging current of a battery, V PV1 is the input voltage of 1# PV converter, and V PV2 is the input voltage of 2# PV converter. As shown in Fig. 12 , the input voltages of 1# and 2# PV converters are kept at 100 V, which means that both of 1# and 2# PV generation units operate at MPPT mode. Since the PV power is greater than the local load power in Mode I, the dc bus voltage is regulated at 180 V by battery discharging. It can be seen that the dc bus voltage is controlled very well even during load change transitions.
B. Test Results in the Transition From Mode I to Mode II (Case 2)
Experimental results in the transition from Mode I to Mode II are shown in Fig. 13 . To simplify the experimental circuits, only one grid-connected dc/ac converter is used in this case. In Fig. 13 , V bus is the dc bus voltage, I B Discharge is the discharging current of a battery, i grid is the ac grid current of the dc/ac converter, and v grid is the ac grid voltage. As shown in Fig. 13 , after the grid-connected dc/ac converter starts, the dc bus voltage increases and the battery discharging stops. Then, the dc bus voltage is controlled at 190 V by the rectification of the dc/ac converter.
C. Test Results in Mode II (Case 3)
Dynamic experimental results during load changes with two grid-connected dc/ac converters in Mode II are shown in Fig. 14 . i grid1 and i grid2 are the ac grid currents of 1# and 2# dc/ac converters, respectively. When the load power increases, 2# dc/ac converter changes from nonfull load operation to full load operation and 1# dc/ac converter changes from standby mode to nonfull load operation due to K d 1 > K d 2 (the dc bus voltage sampling coefficients). When the load power decreases, 1# dc/ac converter changes from nonfull load operation to standby mode and 2# dc/ac converter changes from full load operation to nonfull load operation due to
The parallel control method for modular dc/ac converters is described in [25] . As can be seen, the dynamic responses of the dc/ac converters to local Fig. 15 shows the experimental results during a fault occurring. As can be seen, when 2# dc/ac converter is shut down due to fault, 1# dc/ac converter moves from standby mode to normal operation quickly and stably, which realizes hot swapping and enhances the system redundancy.
D. Test Results in the Transition From Mode II to Mode I (Case 4)
Experimental results in the transition from Mode II to Mode I are shown in Fig. 16 . In the initial state, 1# and 2# PV generation units operate at MPPT mode, a dc/ac converter works as a rectifier to regulate the dc bus voltage, and the energy storage unit does not work. As shown in Fig. 16 , after the system is disconnected with ac grid, the dc bus voltage decreases because the local load power is greater than the PV power. Then, the battery dc/dc converter is triggered and starts battery discharging. Finally, the dc bus voltage is regulated at 180 V by battery discharging.
E. Test Results in the Transition From Mode II to Mode III (Case 5)
Experimental results in the transition from Mode II to Mode III with two dc/ac converters are shown in Fig. 17 . Due to 
, as rectified power increases 2# dc/ac converter reaches full load operation first during the rectification in Mode II and 1# dc/ac converter reaches full load operation first as inverted power increases during the inversion in Mode III.
F. Test Results in Mode III (Case 6)
Steady-state experimental results in Mode III are shown in Fig. 18 . In this case, since the PV power is greater than local load power, the dc/ac converter works as an inverter (ac grid voltage and ac grid current are in phase) and controls the dc bus voltage at 200 V. In addition, the battery is charged with constant current (1.2 A) .
Experimental results on battery overcharging protection in Mode III are shown in Fig. 19 . When the battery voltage is detected to be equal to V BH , which means that the SoC of a battery reaches 95%, the constant current charging is stopped to avoid overcharging. Correspondingly, ac grid current increases.
Experimental results during load changes in Mode III with two dc/ac converters are shown in Fig. 20 . As can be seen, regardless whether the local load power increases or decreases the dc bus voltage has been kept at the reference voltage with small fluctuations. 
G. Test Results in the Transition From Mode III to Mode II (Case 7)
Experimental results in the transition from Mode III to Mode II with two dc/ac converters are shown in Fig. 21 . Due to K d 1 > K d 2 , as rectified power increases 2# dc/ac converter reaches full load operation first during the rectification in Mode II and 1# dc/ac converter reaches full load operation first as inverted power increases during the inversion in Mode III. 
H. Test Results in the Transition From Mode III to Mode IV (Case 8)
Experimental results in the transition from Mode III to Mode IV are shown in Fig. 22 . In the initial state, 1# and 2# PV generation units work at MPPT mode (PV converter input voltage 100 V), the dc bus voltage is regulated at 200 V by the inversion of a grid-connected dc/ac converter, and the battery is under constant current charging. As shown in Fig. 22 , when the system is disconnected with ac grid, the dc bus voltage increases because the PV power is greater than the local load power. In order to maintain power balance, 1# PV generation unit changes from MPPT mode to CV mode (PV converter input voltage 170 V) and controls the dc bus voltage at 208 V. Although the reference dc bus voltage is 210 V, 2 V error exists due to the sampling coefficient variations. Since the battery has not been fully charged, the constant current charging continues. As shown in Fig. 22 , some small oscillations on V PV1 occur during the mode switching transition, which does not cause instability.
I. Test Results in the Transition from Mode IV to Mode III (Case 9)
Experimental results in the transition from Mode IV to Mode III are shown in Fig. 23 . In the initial state, 2# PV generation unit works at MPPT mode, 1# PV generation unit works at CV mode (PV converter input voltage 170 V) and regulates the dc bus voltage at 208 V, the dc/ac converter does not work, and the battery is under constant current charging. As shown in Fig. 23 , when the system is connected with ac grid, the dc bus voltage is regulated at 200 V by the inversion of the dc/ac converter and 1# PV generation unit changes from CV mode to MPPT mode (PV converter input voltage 100 V). Since the battery has not been fully charged, the constant current charging continues.
J. Test Results in Mode IV (Case 10)
In Mode IV, the system is disconnected with ac grid and operates as an island. Since the maximum PV power is greater than the local load power, only one PV generation unit works at CV mode to maintain power balance, and the other PV generation units work at MPPT mode or at standby mode.
Independent CV operations of 1#, 2#, and 3# PV generation units have been tested. Although the reference dc bus voltage is 210 V, the real dc bus voltage is regulated at 208 V, 209 V, and 214 V, respectively, due to different sampling coefficients. Hence, when the load power decrease, the three PV generation units change from MPPT mode to CV mode or standby mode gradually according to the following sequence 1# →2# → 3#.
Experimental results at load power changes in Mode IV are shown in Fig. 24 . In Fig. 24 , V bus is the dc bus voltage, V PV1 is the input voltage of 1# PV converter, V PV2 is the input voltage of 2# PV converter, and V PV3 is the input voltage of 3# PV converter.
Experimental results at load power decrease in Mode IV are shown in Fig. 24(a) . In the initial state, 1# PV generation unit works at CV mode (PV converter input voltage 140 V) and regulates the dc bus voltage at 208 V, and 2# and 3# PV generation units work at MPPT mode (PV converter input voltage 100 V). When the load decrease occurs, since the dc bus voltage sampling coefficient of 2# PV generation unit is greater than the one of 3# PV generation unit, 2# PV generation unit changes from MPPT mode to CV mode (PV converter input voltage 150 V) and regulates the dc bus voltage at 209 V, 1# PV generation unit changes from CV mode to standby mode (PV converter input voltage 200 V) and does not generate power, and 3# PV generation unit keeps at MPPT mode. Experimental results at PV power changes in Mode IV are shown in Fig. 25 . In Fig. 25, I PV3 is the input current of 3# PV converter. PV power changes are realized by changing the series-connected resistor as shown in Fig. 9 .
Experimental results at PV power increase in Mode IV are shown in Fig. 25(a) . In the initial state, 1# PV generation unit works at standby mode, 2# PV generation unit works at CV mode (PV converter input voltage 120 V), and 3# PV generation unit works at MPPT mode (PV converter input voltage 100 V and input current 3 A). When a 150-W power increase of 3# PV generation unit occurs, 3# PV generation unit keeps at MPPT mode (PV converter input voltage 100 V) and the input current of 3# PV converter increases to 4.5 A. The input voltage of 2# PV converter increases to 180 V, which means that the generated Experimental results at PV power decrease in Mode IV are shown in Fig. 25(b) . In the initial state, 1# PV generation unit works at standby mode, 2# PV generation unit works at CV mode, and 3# PV generation unit works at MPPT mode (PV converter input voltage 100 V and input current 4.5 A). When a 150-W power decrease of 3# PV generation unit occurs, 3# PV generation unit keeps at MPPT mode (PV converter input voltage 100 V) and the input current of 3# PV converter decreases to 3 A. The input voltage of 2# PV converter decreases, which means that the generated power of 2# PV generation unit is enhanced. However, 2# PV generation unit still keeps at CV mode and regulates the dc bus voltage at 209 V.
As shown in Figs. 24 and 25 , the dynamic responses to load power changes and PV power changes are very fast and the overshoots are not severe under the proposed control methods.
K. Test Results in the Transition From Mode IV to Mode I (Case 11)
Experimental results in the transition from Mode IV to Mode I are shown in Fig. 26 . In the initial state, the system is disconnected with ac grid; the energy storage unit does not work; 1# PV generation unit works at CV mode (PV converter input volt- age 130 V) and regulates the dc bus voltage at 208 V; and 2# and 3# PV generation units work with MPPT. When load power increase occurs, 1# PV generation unit changes from CV mode to MPPT mode. However, the PV power is still lower than the load power demands and the dc bus voltage decreases continuously. About 1 s later, the battery discharging is started and the dc bus voltage is regulated at 180 V.
L. Test Results in the Transition From Mode I to Mode IV (Case 12)
Experimental results in the transition from Mode I to Mode IV are shown in Fig. 27 . In the initial state, the system is disconnected with ac grid; 1#, 2#, and 3# PV generation units work at MPPT mode; and the energy storage unit controls the dc bus voltage at 180 V by battery discharging. When load power decrease occurs, the dc bus voltage increases and the battery discharging is stopped; 1# PV generation unit changes from MPPT mode to CV mode (PV converter input voltage 140 V) and regulates the dc bus voltage at 208 V; and 2# and 3# PV generation units keep at MPPT mode.
V. CONCLUSION
In this paper, a distributed control strategy based on DBS for a modular PV generation system with battery energy storage is proposed. The dc bus voltage level is employed as an information carrier to represent different operation modes and determine mode switching. Control methods for modular PV converters, modular grid-connected dc/ac converters, and a battery converter are developed, respectively.
Experimental tests in terms of steady-state performances and dynamic performances (transitions between different modes, load power changes, and PV power changes) have been carried out on an experimental setup. The results demonstrate that: 1) the developed system operates stably in islanding mode and gridconnected mode with the proposed control strategy; 2) smooth transitions between different modes are realized without severe oscillations of voltage or current; 3) the power balance of the system under extreme condition (the islanding mode with a fullcharged battery) is guaranteed by the proposed control method for modular PV converters; and 4) the overcharging and overdischarging faults of batteries are avoided by the developed control method for a battery converter. In other words, the practical feasibility and the effectiveness of the proposed control strategies have been validated by the experiments.
This modular PV generation system with a distributed control strategy can be applied in residential PV generation in rural area and building integrated PV generation, and also the distributed control strategy can be applied for dc nanogrid and dc microgrids. His research interests include control of dc-ac converter, modular converter systems, and distributed generation technologies.
